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Typical bridge design and evaluation processes as well as refined reliability analyses are highly sensitive to the live 24 load models used to simulate the effects of traffic load on highway bridges. This sensitivity is related to the high levels 25 of uncertainty that are associated with estimating traffic load characteristics at bridge sites. Design codes and 26 specifications attempt to compensate for these sensitivities and uncertainties by using accordingly calibrated live load 27 safety factors in combination with simple generic live load models that can be used during the design of new bridges or 28 the safety evaluation of existing ones. When analyzing multi-girder superstructures, these models require positioning a 29 set of concentrated loads to describe the axle weights (sometimes in combination with distributed loads) having specific 30 intensities at critical locations along the length of bridge decks (AASHTO 2014; CEN 2003) to determine critical system 31 load effects. In the AASHTO specifications, the global load effects are subsequently multiplied by the load distribution 32 factor to give the maximum effect on an individual beam. Alternatively, live load models may be presented as load effects 33 on specific bridge components (e.g. maximum moment at mid-span of a beam in a multi-beam bridge) (Nowak and 34 Rakoczy 2013; Reid and Yaiaroon 2012). Either way, codes and specifications present live load models that are often 35 considered as "general purpose" nominal models applicable to all types of bridges. 36
The AASHTO load analysis procedure for two-lane short to medium simple span bridges, which are used as the base 37 line, assumes that the maximum load effect is caused by side-by-side trucks of equal weight. This assumption has been 38 found to work well for implementation with the specified AASHTO load distribution factors. However, to improve the 39 bridge safety assessment process, efforts are being currently directed at developing refined analysis procedures that 40 require the placement of "design or analysis" truck models both longitudinally and transversely on the bridge deck to 41 perform finite element analyses for calculating load effects on particular components. The relevance of such refined 42 analyses for accurately evaluating the safety of bridges can be undermined if the applied live load model is itself too 43 rough to represent actual loading conditions as pointed out by previous research (Cheung and regions and between sites. Optimized live load models may be necessary to perform a refined safety evaluation of bridges 46 using site-specific or state-specific live load models that reflect actual traffic conditions (Cohen et al. 2003; Sivakumar et 47 al. 2011 ). Other researchers have also proposed approaches to refine the load models. For example, Leahy et al. (2015) 48 proposed a model that consists of a distributed load of variable intensity that depends mainly on span length based on 49 WIM data collected on a state level. A procedure to adapt AASHTO LRFR (2003) load factors to measured data was 50 also proposed by Pelphrey et al. (2008) for bridge evaluation. But, previous efforts have mainly concentrated on live load 51 models for application with existing AASHTO load distribution factors. This paper presents an approach for the reliability 52 calibration of a live load model applicable for the Finite Element Analysis of Grillage and 3-D Models of bridge systems 53 rather than the traditional single line analysis in combination with load distribution factors. 54
Engineers have used the maximum single girder analysis to find the moments and shear forces on typical multi-girder 55 bridges because a moving load analysis for single girders is relatively easy to perform and computationally inexpensive. 56
However, because the live load models in combination with the standard load distribution factors specified in current 57 bridge standards are calibrated for typical bridges subjected to regular traffic loads assuming that the trucks follow pre-58 specified lane paths, they may not accurately reflect actual load effects on specific bridges exposed to particular loading 59
conditions. The consideration of specific conditions is especially important when evaluating existing bridges. The 60 traditional girder analysis with the AASHTO live loads and lateral load distribution factors may not provide the level of 61 rating accuracy that may be needed in special cases such as when a bridge does not pass the safety evaluation process by 62 a reasonable margin (mainly during the assessment of existing bridges) or when the bridge may be exposed to 63 exceptionally large overweight trucks. An accurate bridge rating process should take into account local truck traffic 64 conditions, as observed through WIM records, using a refined structural analysis model that reflects the actual bridge 65 behavior when it is loaded by multiple trucks of different weights and configurations placed in the most critical 66 longitudinal and lateral positions. A main objective of this paper is to provide live load models and a methodology for 67 analyzing bridges that are in the "borderline" and where a more detailed analysis can save bridges from expensive 68 strengthening and/or posting or where the AASHTO design and rating trucks do not reflect the intensity of the truck 69 traffic observed at the site. In the AASHTO calibration of the live load model and the load distribution factors, typically 70 a system of forces was used as moving load and only afterwards the effect due to the most critical position were distributed 71 to the most critical girders of the bridge. In this study a different approach, based on influence surfaces is recommended 72 to improve the calculation of the load effect distribution among members. 73
The calibration of the proposed approach is illustrated with the specific goal of developing state-specific live load 74 models for evaluating the ultimate strength capacity of highway bridge superstructures. The live load models should be 75 applicable for analyzing the effect of vehicular traffic on individual components or alternatively could be used to study 76 the reserve strength or the reliability of the entire structural system using refined structural analysis procedures that take 77 WIM station dataset was filtered using the approach recommended by in order to remove 106 unreliable data. The WIM sites are classified based on a number of site characteristics which include the total number of 107 vehicles recorded at each site, the ADTT (Average Daily Truck Traffic) defined as the number of daily trucks recorded 108 at each site averaged over one year of measurements and the number of OW (Over-Weight) trucks defined as the number 109 of trucks that exceed the legal weight limits applicable to the state (Fiorillo and Ghosn 2014; Ghosn et al. 2015a ). Table  110 1 summarizes these site characteristics for each WIM measurement site. The data show that the percentage of overweight 111 trucks varies between 11.7% and 26.6% of the total number of recorded trucks. These percentages in combination with 112 the ADTT may have a significant effect on the number of heavy trucks that may simultaneously cross a bridge which is 113 an important determinant of the maximum load that would be expected on a multi-lane bridge during a given service 114 period. 115 116 Grillage Analysis of Representative Bridge Models
119
As observed from studying common truck configurations and the low probability of fitting two consecutive trucks in 120 the same lane, the maximum load effect on short to medium span bridges in the range of 15 o 60 m is governed by the 121 presence of a single truck per lane. The analysis of the load effect on a single lane is performed by sending truck data 122 collected from a WIM site through the appropriate influence surfaces. The calculations carried out in this work are 123 specifically adapted to composite steel girder bridges, as it is a very common structural type in many countries and US 124 states, especially the state of New York, whose WIM data is being used to illustrate the proposed methodology (Ghosn et 125 al. 2015a) . A set of 100 bridge configurations having representative characteristics of the population of steel-composite 126 bridges are considered. The bridge population consists of structures having the combination of the geometric parameters 127 presented in Table 2 . 128 129 Table 2 . Geometric parameters of the bridge population (Steel girder-concrete slab bridges).
131
Designs for steel I-girder bridges having the geometric configurations summarized in Table 2 
Single Lane Loading
171
Each truck in the WIM data files is analyzed using the influence surfaces described earlier to find the maximum moment 172
and maximum shear in each beam of each of the set of bridges listed in Table 2 While the histograms give the distribution of the load effects from all trucks, ensuring the safety of a bridge requires 187 verifying that the bridge will be able to carry the maximum load that it will be exposed to within a pre-determined service 188 or design life. The study carried out by Nowak (1999) observations, in this paper 0.5%, 1.25% and 2% of truck loading events are assumed to take place with two side-by-side 210 trucks for ADTT<100, 100<ADTT<5000 and ADTT>5000 respectively as described by Ghosn et al. (2011 Ghosn et al. ( , 2013 and 211 Soriano et al. (2016) . The probability of having three trucks side-by-side contributing to the maximum load effect in a 212 main girder is very small due to the low probability of simultaneous presence. Furthermore, the nature of the influence 213 surface for multi-beam bridges shows that the effects on the girders away from the loaded lane are somewhat limited. 214 Therefore, the focus of this study is on single lane and two-lane loading events. 215
The probability density function of the effect of two trucks simultaneously on the bridge in two lanes ( ) 
ln ln ln(4 ) 2 ln 2 2 ln To perform a refined analysis of a bridge, the engineer needs to develop a structural model and apply the nominal loads 279 on the structure to study the effects that the nominal loads will produce at a particular section of a beam. When checking 280 the ultimate limit states (ULS), these nominal load effects should simulate the maximum load effects expected in the 281 bridge service life to ensure that the factored calculated load effects at the beam section or bridge component of interest 282
are lower than the factored capacity of that component. In this work, two lane loading conditions are defined: a) in the 283 first one nominal legal truck is placed in the external lane, and b) in the second side-by-side trucks are placed on the most 284 critical position on the bridge deck. To simulate the effects of overweight trucks that travel on US highways, it is proposed 285 that the axle weights of one of the design trucks be amplified by a factor α . This factor α is needed because the WIM 286 data shows that the AASHTO HL-93 load model, that was designed to envelope the effects of exclusion vehicles, does 287 not cover the large variety and the high numbers of overweight trucks observed on many US highway systems. 288
Furthermore, statistical analyses of the data shows that it is highly unlikely that the maximum load on a bridge would be 289 governed by two side-by-side trucks of the same weight. The proposed α factor would serve as both a multiple presence 290 factor and an overweight factor. 291 During the structural analyses performed in this study, the following assumptions are made regarding the transverse 301 placement of the trucks to simulate the worst loading conditions: 302
• The distance between the most external wheel and the edge of the deck is 1.2 m (barrier + curb + clearance). 303
• The truck wheels are spaced at 1.8 m. 304
• For the two-truck cases, the transversal distance between trucks is 1.2 m, unless the deck width is smaller 305 than 7.2 m in which case the distance between trucks is reduced to satisfy the distance from the edge criteria 306 set in the first bullet. 307
The longitudinal position of the trucks to be employed is the one producing the highest value for the effect (moment 308 or shear) under consideration. The worst position of the one or two trucks has to be calculated for each truck in its own 309 lane separately. 310
The calibration of α is carried out by equating the mean of the maximum load effect produced by Eq. The variability in the calculated value of the parameter α is found to be relatively small leading to a COV for the 345 maximum load effect on the most critical beams for the entire population of steel composite bridges ranging between 4.5 346 to 6% when analyzing the data from one WIM site. 347 The plots in Figure 6 show that increasing the number of beams results in higher values of α for moment effects and by Eq. (9) through a trial and error process. In order to reduce the computational effort, the Evolutionary minimization 381 algorithm built into "Microsoft Excel 2013" was used. The coefficients are summarized in Table 3 The values presented in Table 4 can be used for the evaluation and rating of existing bridges where a bridge site's 403 overweight truck intensity can be estimated based on legal weight enforcement levels or WIM data analysis. For short 404 span bridges, when the live load is applied, a preliminary comparison between the effect of the AASHTO 3-S2 and Type 405 3 Legal Trucks should be checked, and the most critical truck model considered when performing a bridge system 406 analysis. 407
While the values provided in Table 4 can be used in combination with Eq. (8) when evaluating bridges at sites where 408 the truck traffic characteristics are reasonably well known such as when rating an existing bridge, it is often difficult to 409 have such information particularly when designing new bridges. In such cases, a similar set of coefficients is calibrated 410 from all WIM stations, leading to the results of Table 4 which are obtained by executing the evaluation of the constant of 411
Eq. (8) over the data collected from all the WIM stations. It is well understood that by covering a wider range of stations, 412 there will be a higher variability in the value of the parameter. This higher variability should be compensated by using a 413 higher live load (or safety) factor when designing new bridges as compared to the evaluation of existing bridges. 414 415 The constants listed in Table 4 along with the coefficients in Table 3 assuming that the most critical section is at the midspan of the bridge, the maximum moment is found when the 447 truck is placed in such a way that the front axle is 10.39 m from the end of the span. The lateral spacing of the 448 wheels is set as depicted in Figure 5 . to the approximate analysis performed when using the AASHTO (2014) method. It is understood that such refined 467 analysis may not be necessary during the design of new bridges in regions where no large numbers of overweight trucksare observed. However, such a refined analysis may be useful when rating existing bridges which had shown borderline 469 safety levels when analyzed using traditional AASHTO methods or when the WIM data shows large deviations in truck 470 weights compared to normal traffic on typical bridge sites. 471
Probabilistic Live Load Model
472
While the coefficients and constants in Tables 3 and 4 are sufficient for performing deterministic bridge analyses, 473 a probabilistic format for the live load model is needed if the engineer decides to carry out a reliability analysis of a bridge 474 structure. Specifically, the probabilistic format must account for the variability in the applied load and the associated 475 modeling uncertainties (Ghosn et al. , 2013 . Therefore, the load effect in a reliability analysis using the results for 476 the α parameter generated in this paper or similar simulations can be represented as the product of the following random The statistical values for the dynamic amplification factors listed in Table 5 as suggested by Nowak (1999) The gross vehicle weights of the Type 3 and 3-S2 truck configurations must be amplified to reflect the maximum 502 load effects expected during the service life of the bridge which may be caused by a combination of overweight trucks. 503
For two-lane cases, the weights of the axles of one truck are exactly those of the AASHTO Legal trucks while the axle 504 weights of the other truck are scaled by a factor α that varies as a function of span length, number of beams and beam 505 spacing. For the one-lane case, the nominal legal truck weight is also multiplied by an appropriate value of the parameter 506 α .
507
The proposed parameter α that depends on the percentage of overweight trucks in the traffic stream, would 508 serve as both a multiple presence factor and an overweight factor to amplify the weights of the nominal analysis AASHTO 509 3-S2 and Type 3 trucks when performing a refined structural analysis of a bridge. 510
This paper proposes a quadratic equation for calculating the parameter α based on the maximum effect on 511 typical bridge configurations that would be caused by a combination of heavy trucks the characteristics of which are 512 collected by WIM stations in the state of New York. 513
The calibration process described in this paper is meant to provide similar bending moments and shear forces as 514
the maximum values expected during the design lives or rating cycle of multi-beam bridges. The process has been 515 presented for the case of composite steel girder bridges. The same approach can be used to develop live-load models 516 suitable for other bridge types and load effects. Also, the same approach can be followed to calibrate live load models 517 representing truck traffic in different regions and states. 518
The proposed model can be used to carry out deterministic analyses of bridge systems if accompanied with 519 adjusted live load factors when rating existing bridges which had shown borderline safety levels when analyzed using 520 traditional AASHTO methods or when the WIM data for the bridge site shows large deviations in truck weights compared 521 to normal traffic on typical bridge sites. Also, the proposed live load model complemented with the statistical data 522 obtained during the calibration process described in this paper can be used for the reliability analysis of complete bridge 523 structural systems. 
